Members of Cdc14 phosphatases are common in animals and fungi, but absent in plants. Although its orthologs are conserved in plant pathogenic fungi, their functions during infection are not clear. In this study, we showed that the CDC14 ortholog is important for pathogenesis and morphogenesis in Fusarium graminearum. FgCDC14 is required for normal cell division and septum formation and FgCdc14 possesses phosphatase activity with specificity for a subset of Cdk-type phosphorylation sites. The Fgcdc14 mutant was reduced in growth, conidiation, and ascospore formation. It was defective in ascosporogenesis and pathogenesis. Septation in Fgcdc14 was reduced and hyphal compartments contained multiple nuclei, indicating defects in the coordination between nuclear division and cytokinesis. Interestingly, foot cells of mutant conidia often differentiated into conidiogenous cells, resulting in the production of inter-connected conidia. In the interphase, FgCdc14-GFP localized to the nucleus and spindlepole-body. Taken together, our results indicate that Cdc14 phosphatase functions in cell division and septum formation in F. graminearum, likely by counteracting Cdk phosphorylation, and is required for plant infection.
Introduction
Fusarium graminearum is the causal agent of head blight (FHB) or scab of wheat and barley, a plant disease with great impact on agriculture and food safety (Bai and Shaner, 2004; Goswami and Kistler, 2004) . The primary inoculum of this disease is ascospores released from perithecia produced by the pathogen that overwinters on infested plant debris (Markell and Francl, 2003; Goswami and Kistler, 2004) . Plant infection is initiated when ascospores land on flowering wheat or barley heads that are susceptible to F. graminearum during anthesis (Goswami and Kistler, 2004) . Under favorable environmental conditions, outbreaks of FHB cause severe yield losses and reduce grain quality. In addition, F. graminearum produces toxic secondary metabolites, including deoxynivalenol (DON) that is a potent inhibitor of protein synthesis in eukaryotic organisms (De Walle et al., 2010) . DON is also a potent phytotoxin and the TRI5 trichodiene synthase gene is the first virulence factor gene characterized by molecular studies (Proctor et al., 1995) . The tri5 deletion mutant is capable of colonizing the inoculated florets, but fails to spread via the rachis to other spikelets on the same spikes in susceptible cultivars (Bai et al., 2002) .
In eukaryotic organisms, reversible phosphorylation of proteins by protein kinases and phosphatases is known to regulate various growth and developmental processes. In an earlier study to functionally characterize the F. graminearum kinome, 42 protein kinase genes were shown to be important for plant infection (Wang et al., 2011) . For 22 of these, including several components of the well-conserved cAMP signaling and mitogen-activated protein kinase pathways, gene deletion mutants were either nonpathogenic or caused FHB symptoms only on the inoculated florets (Hou et al., 2002 , Jenczmionka et al., 2003 , Urban et al., 2003 , Van Thuat et al., 2012 . Interestingly, unlike the model yeasts and filamentous fungi, F. graminearum contains two Cdc2 kinase orthologs that have distinct functions in vegetative and infectious hyphae (Liu et al., 2015) , suggesting differences in cell cycle regulation between saprophytic and pathogenic growth. In dimorphic pathogens such as the human pathogen Candida albicans and corn smut fungus Ustilago maydis, it also has been shown that cell cycle regulation plays an important role in pathogenesis and morphogenesis although they have only one Cdc2 ortholog (Zheng et al., 2004; Perez-Martin et al., 2006; Perez-Martin and Castillo-Lluva, 2008; Wilson and Hube, 2010) . In C. albicans, a hyphal-specific cyclin Hgc1 (hypha-specific G1 cyclin) is required for cell cycle progression in hyphae and virulence (Zheng et al., 2004; Wilson and Hube, 2010) . In the rice blast fungus Magnaporthe oryzae, one round of mitosis in germ tubes is required for appressorium formation (Caracuel-Rios and Talbot, 2007; Saunders et al., 2010) , indicating that proper cell cycle regulation may be important for infection-related morphogenesis in plant pathogenic fungi.
In F. graminearum, only one of the CDC2 orthologs is important for ascosporogenesis (Liu et al., 2015) . Therefore, cell cycle progression may be also different between vegetative growth and sexual production. In addition to FgCDC2A, 45 protein kinase genes have been shown to be important for ascospore production or release in F. graminearum (Wang et al., 2011) . One of them, FgKin1, was found by further studies to be important for regulating ascospore germination and localization of Tub1 betatubulin (Luo et al., 2014) . Deletion of FgKIN1 resulted in the accumulation of Tub1 in the nucleolus in F. graminearum. FgKin1 is a member of the microtubule affinityregulating protein kinase (MARK) family that are involved in various cellular functions and conserved in fungi and animals, but absent in plants (Drewes et al., 1998; Tassan and Le Goff, 2004) .
Interestingly, the Cdc14 protein phosphatases also are conserved from yeast to humans, but are absent in plants (Kerk et al., 2008; Mocciaro and Schiebel, 2010) . Although they are related evolutionarily to the dualspecificity group of the protein tyrosine phosphatases, Cdc14 enzymes generally function as antagonists of mitotic cyclin-dependent kinases (CDKs) in the regulation of mitotic events (Queralt and Uhlmann, 2008; Mocciaro and Schiebel, 2010) . Mitosis and cytokinesis are essential cellular processes for cell division and proliferation in eukaryotic organisms. Successful completion of mitosis depends on the temporal and spatial coordination of many processes, including chromosome segregation, spindle disassembly, and cytokinesis. In the budding yeast Saccharomyces cerevisiae, CDC14 is an essential gene (Wan et al., 1992) . Temperature sensitive cdc14 mutant cells arrest in late mitosis with elongated mitotic spindles and segregated chromosomes but fail to undergo cytokinesis (Wood and Hartwell, 1982) . In Schizosaccharomyces pombe, the CDC14 ortholog clp1 is not an essential gene. Although it is not required for mitotic exit, the Clp1 protein may function together with the septation initiation network (SIN) in coordinating cytokinesis with nuclear division (Trautmann et al., 2001) . In Aspergillus nidulans, the Ancdc14 deletion mutant also is viable and grows and develops normally (Son and Osmani, 2009 ). In the entomopathogenic fungus Beauveria bassiana, BbCdc14 is not essential, but is important for asexual development, stress responses and virulence. Inactivation of BbCDC14 results in the formation of multinucleate cells and defects in conidiation and pathogenesis . In the human pathogen C. albicans, CaCDC14 is not essential for vegetative growth, but affects late cell cycle events and morphogenesis. Deletion of CaCDC14 has no effect on growth rate, but results in defects in cell separation, mitotic exit, and morphogenesis (Clemente-Blanco et al., 2006) .
Orthologs of Cdc14 are well conserved in plant pathogenic fungi. However, none of them have been functionally characterized. In this study, we aimed to determine the functions of FgCDC14 in development and pathogenesis in F. graminearum. The Fgcdc14 deletion mutant was generated and characterized for its defects in growth, sexual and asexual reproduction, and pathogenesis. Our results also showed that FgCDC14 is important for the coordination between nuclear division and septum formation in F. graminearum, likely by counteracting Cdk phosphorylation during vegetative growth, cellular differentiation, and plant infection.
Results

FgCDC14 is important for growth and conidiogenesis
Despite their specificity for phospho(p)-Ser-Pro Cdk sites, Cdc14 enzymes are evolutionarily and mechanistically related to the protein tyrosine phosphatases with the HCX5R catalytic site sequence (Mocciaro and Schiebel, 2010) . The FgCDC14 gene (FGSG_00543) is orthologous to CDC14 of S. cerevisiae and clp1 of S. pombe and it has the same HCKAGLGR catalytic sequence. To determine its function in F. graminearum, we generated the Fgcdc14 mutant by the split-marker approach (Catlett et al., 2003) . Putative Fgcdc14 deletion mutants were identified by PCR. Three Fgcdc14 mutants, M1, M2 and M3 (Table 1) were confirmed by Southern blot analysis (Fig. S1 ) and they had the same phenotype described later.
The Fgcdc14 mutant was reduced approximately 55% in growth rate (Table 2 ) and formed colonies with limited aerial hyphae on 5 × YEG plates (Fig. 1A) , indicating that the Fgcdc14 mutant was defective in vegetative growth. The Fgcdc14 mutant was also reduced over 90% in conidiation compared with the wild type (Table 2) . Whereas the wild type mainly produced conidia on clusters of phialides (Wang et al., 2011) , the Fgcdc14 mutant formed much fewer, sparsely distributed phialides (Fig. 1B) . Interestingly, unlike wild-type conidia that are arrested in growth, the foot cells of conidia formed by the Fgcdc14 mutant often grew further and functioned as conidiogenous cells to Functions of Cdc14 in Fusarium graminearum 771 produce additional conidia (Fig. 1C) . Occasionally, the tip compartment of conidia also differentiated and produced additional conidia. In total, 12.6% of conidia formed by the mutant were inter-connected.
Deletion of FgCDC14 affects septum formation and distribution of nuclei
To determine whether deletion of FgCDC14 affects cytokinesis, we transformed an H1-GFP fusion construct into PH-1 and the Fgcdc14 mutant M1. The wild-type conidia had four to six septa and a single nucleus in each compartment ( Fig. 2A) . In the Fgcdc14 mutant, 77.5% of the conidia had three or fewer unevenly distributed septa ( Fig. 2A) . Whereas the end compartments normally had one nucleus, the majority (97.6%) of the internal compartments had two or more nuclei in Fgcdc14 conidia.
In comparison with the wild type, the Fgcdc14 mutant rarely formed septa in germ tubes (Fig. S2 ) and vegetative hyphae (Fig. 2B) , further indicating the importance of FgCDC14 in septation in F. graminearum. Unlike the wildtype hyphae, nuclei were distributed unevenly in the Fgcdc14 hyphae (Fig. 2B) . We also examined nucleus distribution in the phialides formed in CMC cultures. The wild type had one nucleus, but the Fgcdc14 mutant had two or more nuclei in each phialide (Fig. S3) . These results indicated that deletion of FgCDC14 affected mitotic division and cytokinesis (septation). It appears that the Fgcdc14 mutant is defective in mitotic exit and nuclei continue to divide in the absence of cytokinesis. 
Actin ring constriction, but not cortex actin was affected in the Fgcdc14 mutant
Because actin plays a crucial role in cytokinesis in fungi (Berepiki et al., 2011) and the Fgcdc14 mutant was defective in cytokinesis, we transformed the LifeAct-GFP construct into PH-1 and the Fgcdc14 mutant. In the resulting transformants, localization of LifeAct-GFP to the cortex of hyphal tips was similar between the wild-type and mutant strains (Fig. 3A) . However, the localization of LifeAct-GFP to the septum was defective in the Fgcdc14 mutant. Time-lapse imaging showed that a mesh of F-actin cables and patches named the septal actin tangle (SAT) (Heilig et al., 2014) was formed at the septation site in both PH-1 and Fgcdc14 mutant (Fig. 3B) . Whereas the SAT coalesced to form the cytokinetic actomyosin ring (CAR) that constricts to form a septum in the wild type, the Fgcdc14 mutant was defective in the coalescence of SAT and constriction of CAR (Fig. 3B) . These results indicate that deletion of FgCDC14 had no effects on the localization of actin to the cortex of hyphal tips, but impacted the formation and function of the contractile actin ring during septation, consistent with the observed septation defects.
The Fgcdc14 mutant is defective in ascosporogenesis
The Fgcdc14 deletion mutant exhibited significantly reduced ascospore formation and failed to produce ascospore cirrhi (Fig. 4A) . On selfing plates, perithecia produced by Fgcdc14 were normal in morphology and size compared with those of the wild type (Fig. 4A) . However, it appeared that most of the ascogenous tissues were defective in further development in 14-day-old Fgcdc14 perithecia (Fig. 4B ). In the wild type, mature asci contained eight ascospores that had four uni-nucleate compartments. In the Fgcdc14 mutant, mature asci were rarely observed (Fig. 4B) . Ascospores formed by Fgcdc14 were morphologically abnormal, had fewer than four com- A. Conidia harvested from transformants of PH-1 (HP6) and the Fgcdc14 mutant (HM1) expressing the H1-GFP construct were stained with Calcofluor white (CFW) and examined by differential interference contrast (DIC) or epifluorescence microscopy. B. Hyphae of transformants HP6 and HM1 were stained with CFW. The Fgcdc14 mutant was defective in septum formation. Septa were marked with arrows. Bars = 10 μm.
partments, and often contained more than one nucleus per compartment (Fig. 4C ). Therefore, deletion of FgCDC14 affected both meiotic and post-meiotic nuclear divisions and septation in developing ascospores.
FgCDC14 is important for plant infection
In infection assays with flowering wheat heads, the wildtype PH-1 caused head blight symptoms in the inoculated florets and spread to other spikelets. On wheat heads inoculated with the Fgcdc14 mutant, the inoculated florets developed limited symptoms 14 days postinoculation (dpi) and infection failed to spread to nearby spikelets (Fig. 5A ). The average disease indexes of the Fgcdc14 mutant and PH-1 were 0.5 and 13.0, respectively (Table 2 ). In infection assays with corn silks, the Fgcdc14 mutant also caused only limited discoloration at A. Three-week-old mating cultures of the wild-type (PH-1), Fgcdc14 mutant (M1), and Fgcdc14/FgCDC14 complemented transformant (C1). Cirrhi (masses of ascospores) formed on the top of perithecia are marked with arrows. Bar = 500 μm. B. Perithecia from mating cultures of PH-1, M1, and C1 were examined for ascosporogenous tissues 10-days post-fertilization. The Fgcdc14 mutant failed to form asci with eight ascospores. Bar = 20 μm. C. Ascospores from transformants of PH-1 (HP6) and Fgcdc14 (HM1) expressing the H1-GFP construct were stained with CFW and examined by DIC or epifluorescence microscopy. Bar = 10 μm. the inoculation sites. Under the same conditions, extensive discoloration was observed in corn silks inoculated with PH-1 (Fig. 5B ), confirming that FgCDC14 is important for virulence in F. graminearum. When examined by light microscopy of thick sections, extensive hyphal growth was observed in lemma tissues of wheat heads inoculated with PH-1 by 48 h postinoculation (hpi). In contrast, only limited fungal growth was observed in the epidermal cells in samples inoculated with the Fgcdc14 mutant (Fig. 5C ). Because the Fgcdc14 mutant was defective in spreading in inoculated wheat heads, we also examined fungal growth in the rachis. By 120 hpi, PH-1 produced extensive infectious hyphae in the vascular tissues of the rachis. In wheat heads inoculated with the Fgcdc14 mutant, we failed to observe fungal hyphae in the rachis below or above the inoculated spikelet (Fig. 5D ). Therefore, FgCDC14 must be essential for infectious hyphae to spread from inoculated florets to the rachis and colonization of vascular tissues.
We also assayed DON production in the infested wheat kernels and rice grain cultures because of its importance in plant infection. In comparison with the wild type and complementation strains, the Fgcdc14 mutant was significantly reduced in DON production in both assays ( Table 2 ), suggesting that deletion of FgCDC14 affects DON biosynthesis in F. graminearum.
Localization of FgCdc14 to the nucleus and MTOC
For complementation assays, an FgCDC14-GFP fusion construct was generated and transformed into the Fgcdc14 mutant strain M1. The resulting complemented transformant C1 was normal in growth, conidiogenesis ( Fig. 1) , ascospore production (Fig. 4) , and plant infection (Fig. 5) . These results indicate that deletion of FgCDC14 is directly responsible for the defects of the deletion mutant.
In S. cerevisiae and S. pombe, the Cdc14 phosphatase is sequestered in the nucleolus during interphase and released throughout the nucleus and cytoplasm during mitosis (Shou et al., 1999; Visintin et al., 1999; Cueille et al., 2001) . When examined for its subcellular localization, FgCdc14-GFP fusion was diffused throughout the nucleus although GFP signals appeared to be enhanced at the spindle pole body (SPB) in over 99% of the nuclei examined (Fig. 6A) . To confirm this observation, we co-transformed the TUB3-mCherry and FgCDC14-GFP fusion constructs into the Fgcdc14 mutant M1. Tub3 is a gamma-tubulin that localizes to the SPB in F. graminearum (Luo et al., 2014) . In the resulting transformants, co-localization of Tub3-mCherry with FgCdc14-GFP to the SPB was observed (Fig. 6B ).
FgCdc14 is a protein phosphatase with substrate specificity similar to S. cerevisiae Cdc14
ScCdc14 has been linked to the reversal of Cdk phosphorylation (minimal consensus Ser/Thr-Pro) at the end of mitosis (Visintin et al., 1998) . Cdc14 enzymes exhibit a strict preference for the pSer-Pro subset of Cdk sites, both in vitro and in vivo (Eissler et al., 2011; Bremmer et al., 2012) . In vitro, ScCdc14 also exhibits a strong requirement for Lys/Arg at the +3 position relative to pSer (Bremmer et al., 2012) . The most potent in vitro ScCdc14 substrates contain at least one additional basic amino acid in the immediate vicinity of the +3 position. Alignment of the FgCdc14 and ScCdc14 protein sequences suggests that this specificity should be highly conserved in F. graminearum (Fig. 7A) . The ScCdc14 amino acids predicted to be responsible for pSer selectivity, +1 Pro and +3 Lys/Arg dependence, and preference for additional basic amino acids (Gray et al., 2003; Eissler et al., 2014) , are all identical in FgCdc14. To verify that FgCdc14 possesses phosphatase activity and to characterize its substrate specificity, we purified recombinant full length FgCdc14 and the catalytic domain comprising amino acids 1-433 (Bremmer et al., 2012) (hereafter called FgCdc14 cat ) (Fig. 7B ). FgCdc14 preparations catalyzed the hydrolysis of the general phosphatase substrate p-nitrophenyl phosphate (data not shown) and dephosphorylation of a phosphopeptide substrate containing a consensus Cdk phosphorylation site ( Fig. 7C ) with specific activities comparable with ScCdc14. As expected, this activity was inhibited by sodium tungstate, a potent inhibitor of protein tyrosine phosphatase family members, including Cdc14 (Taylor et al., 1997) . Specific activity of FgCdc14 cat was roughly sixfold lower than the full length protein in these assays (data not shown), suggesting that the non-conserved C-terminal tail contributes in some way to catalysis, as it does in ScCdc14 (Taylor et al., 1997) .
We used three series of synthetic phosphopeptide variants based on sequences from known ScCdc14 substrates (Bremmer et al., 2012) in steady-state kinetic assays to empirically define the substrate preference of purified FgCdc14 and FgCdc14 cat ( Fig. 7D-F ; Fig. S4 ; Table 3 ). Two of the peptide sequences represented optimal ScCdc14 sites containing the minimal consensus pSerPro-x-Lys with additional basic residues at +4 and +5, whereas the third sequence contained only the minimal consensus pSer-Pro-x-Lys. Similar to ScCdc14, the catalytic efficiency of FgCdc14 toward peptides with a pThr was up to three orders of magnitude lower than for identical peptides containing pSer. A pTyr peptide was also inefficiently dephosphorylated. Like ScCdc14, high activity toward pSer substrates was strongly dependent on a +1 Pro and a +3 basic amino acid. The FgCdc14 enzymes exhibited a greater preference for Lys over Arg at the +3 position than previously observed for ScCdc14 (Eissler et al., 2014) . Also like ScCdc14, basic residues at +2, +4 and +5 further enhanced catalytic efficiency of the FgCdc14 enzymes toward substrates containing the minimal consensus sequence pSer-Pro-x-Lys/Arg. Residues N-terminal to the pSer in the −2 and −1 positions did not appear to contribute significantly to catalytic efficiency. Despite the lower specific activity of FgCdc14 cat , its substrate specificity was the same as full length FgCdc14 (Fig. S4) . Collectively, these results indicate that the FgCdc14 consensus substrate recognition motif (Fig. 7F) is essentially identical to that of ScCdc14 (Eissler et al., 2014) .
Phosphatase activity is essential for the function but not subcellular localization of FgCdc14
To determine whether the phosphatase activity is essential for FgCdc14 function and localization, we generated the FgCDC14
C342S
-GFP allele and transformed it into the Fgcdc14 mutant. The C342 residue of FgCdc14 is equivalent to the catalytic C286 of S. pombe Clp1 and C283 of S. cerevisiae Cdc14, which are essential for the phosphatase activity (Taylor et al., 1997; Wolfe and Gould, 2004; Wolfe et al., 2006) . The resulting Fgcdc14/ FgCDC14 C342S -GFP transformants PD8 and PD14 (Table 1) had similar defects in growth rate (Fig. 8A) , conidiogenesis (Fig. 8B) , and virulence (Fig. 8C ) compared with the original Fgcdc14 mutant. When examined by epifluorescence microscopy, FgCdc14 C342S -GFP fusion proteins still localized to the nucleus and SPB (Fig. 8D) . Therefore, the phosphatase activity is essential for the FgCdc14 function, but dispensable for its subcellular localization.
Predicted biologic targets of FgCdc14
The strict intrinsic substrate specificity of ScCdc14 has allowed novel substrates to be identified using motif searching algorithms (Eissler et al., 2014) . Because FgCdc14 exhibits similar substrate specificity we used the PatMatch algorithm (Yan et al., 2005) to identify F. graminearum proteins enriched in consensus FgCdc14 recognition motifs that are conserved in its orthologs from other Fusarium and Sordariomycetes   Fig. 7 . FgCdc14 exhibits strong selectivity for a subset of Cdk-type phosphorylation sites in vitro.
A. Alignment of ScCdc14 and FgCdc14 sequences. Amino acids important for catalysis and substrate recognition in ScCdc14 are highlighted. The defining catalytic site motif (H/V)Cx5R(S/T) of the protein tyrosine phosphatase family is underlined in black. B. Recombinant GST-FgCdc14 (upper panel, 96 kDa) and 6His-FgCdc14 cat (lower panel, 52 kDa) analyzed by SDS-PAGE and Coomassie blue staining. M, molecular weight standards. C. Activities of GST-FgCdc14 and GST-ScCdc14 assayed with 100 μM of the series 1 phosphopeptide from Table 3 . Where indicated, sodium tungstate was included at 100 μM. D. Reaction velocity was measured as a function of substrate concentration for series 2 peptide variants (Table 3) . Data are the average of three trials. For peptides exhibiting enzyme saturation, lines were generated by fitting data with the Michaelis-Menten equation. For low efficiency peptide substrates lines were generated by linear regression and were used to calculate apparent kcat/KM (Table 3) . Black squares represent the unaltered peptide sequence shown above the plot. E-F. Apparent kcat/KM values obtained from initial velocity measurements at low concentrations (below KM) of series 1 (panel E) and 3 (panel F) phosphopeptide substrates. The first bar represents the original peptide sequence shown above the plot and the amino acid substitutions in each of the other peptides are labeled on the x axis (position numbers relative to pS are shown above the sequence). Data are the average of three independent experiments and error bars are standard deviations. G. The optimal substrate motif for FgCdc14 based on the phosphopeptide kinetic assays.
Functions of Cdc14 in Fusarium graminearum 777 species. The candidate FgCdc14 substrates and their function annotations are listed in Table S1 . Gene ontology analysis with their S. cerevisiae orthologs revealed significant enrichment for proteins involved in processes related to mitosis, microtubule functions, chromosome segregation, and cell division, which is consistent with known Cdc14 functions in other organisms (Table S2) . Some candidates, such as the ortholog of chromosomal passenger complex subunit INCENP (yeast Sli15) and the kinetochore component Ask1, are well-characterized Cdc14 substrates. The IQGAP and anillin orthologs involved in cytokinesis were also predicted as ScCdc14 substrates using similar search criteria (Eissler et al., 2014) .
We used a yeast two-hybrid assay to test for physical interactions between an FgCdc14 bait construct and prey constructs of two substrate candidates, the protein kinases FgDbf2 and FgWee1. The bait and prey constructs were verified by DNA sequencing and co-transformed in pairs into yeast strain AH109. The resulting Trp + Leu + transformants were able to grow on the SD-Trp-Leu-His reporter plates and had LacZ activities (Fig. 9) , indicating that FgCdc14 interacts with FgDbf2 and FgWee1. These results support our substrate prediction strategy and suggest that these two protein kinases are likely physiologic targets of the FgCdc14 phosphatase in F. graminearum.
Deletion of FgCDC14 results in reduced Tyr15 phosphorylation levels of Cdc2A/2B
In S. pombe, Clp1 phosphatase restrains the G2/M transition by promoting the activity of Wee1 kinase, suppressing Cdc25 phosphatase, and thereby protecting inhibitory phosphorylation of Cdk1 at Tyr15 (Cueille et al., 2001; Trautmann et al., 2001; Wolfe and Gould, 2004; Lu et al., 2012) . Similarly, in humans silencing of Cdc14A results in reduced expression level of Wee1 and phosphorylation of Cdk1 at Tyr15, suggesting that Cdc14A antagonizes Cdk1 activation and mitotic entry (Ovejero et al., 2012) . In F. graminearum, phosphorylation of Cdc2A and Cdc2B, two Cdc2 orthologs with similar molecular weight were Catalytic efficiency (kcat/KM) toward phosphopeptide substrates was estimated from initial velocity measurements at low substrate concentrations (below KM). Data are the average of 3 independent experiments with standard deviations. Underlined text indicates the positions altered from the original sequence in each peptide variant and the sequence variation column shows the nomenclature for each variant used in Fig. 6D-F and Fig. S4 . The phosphorylated amino acid is preceded by 'p' and shown in bold.
detectable with an anti-Tyr15 phosphorylation antibody (Fig. 10 ). In comparison with the complemented transformant and PH-1, the Fgcdc14 deletion mutant was reduced in the phosphorylation level of Cdc2A/2B (Fig. 10) . The Fgcdc14/FgCDC14
C342S
-GFP transformant PD14 also was reduced in the Tyr15 phosphorylation level compared with PH-1 or the complemented transformant C1 (Fig. 10) .
Reduction in the FgWee1 activity in the Fgcdc14 mutant may affect the inhibitory phosphorylation of Cdc2A/2B and maintenance of the interphase state in phialides, ascospores and conidia.
Discussion
The CDC14 phosphatase genes are conserved in fungi and animals, but absent in higher plants, similar to the MARKs that are functionally related to microtubules (Drewes et al., 1998; Tassan and Le Goff, 2004) . It is tempting to speculate that the lack of MARK protein kinases and Cdc14 phosphatases are functionally related to flagellum functions in motile cells. Whereas higher plants lack motile cells or flagella, chytridiomycetes, likely ancestral fungi, produce zoospores with basal bodies and flagella of typical 9 + 2 microtubule arrangement (Mitchell, 2007) . Basal bodies are microtubule organizing centers for flagella, while SPBs or centrioles are microtubuleorganizing centers for the mitotic spindle. Although the association of Cdc14 with basal bodies or motile cells have not been documented in Chytridiomycetes, Zebrafish Cdc14A1 phosphatase localizes to the base of the cilium, possibly in part at the basal body (Clement et al., 2012) and PiCdc14 from the oomycete Phytophthora infestans accu- mulates at the basal body during zoospore formation (Ah-Fong and Judelson, 2011) . PiCdc14 binds microtubules in vitro and forms insoluble complexes in vivo. It is possible that one of the ancestral functions of Cdc14 phosphatases, and possibly MARKs, are related to basal body functions.
In F. graminearum, the localization of FgCdc14 is largely non-nucleolar during interphase, which is similar to PiCdc14 (Ah-Fong and Judelson, 2011), but different from its ortholog in S. cerevisiae and S. pombe (Shou et al., 1999; Visintin et al., 1999; Cueille et al., 2001) . It is possible that subcellular localization of Cdc14 phosphatases differ between yeasts and filamentous fungi. In C. albicans, CaCdc14p-YFP begins to accumulate both in the nucleolar staining (Nop1 signal) and DAPI-staining region of the nucleus at the G1-S transition. At the end of mitosis, CaCdc14p is degraded instead of being sequestered into the nucleolus (Clemente-Blanco et al., 2006) . In plant pathogenic fungi, particularly hemibiotrophic pathogens, the Cdc14 orthologs may play important roles in infectionrelated morphogenesis and development of invasive hyphae that differ in morphology and physiology from vegetative hyphae.
Although budding yeast Cdc14 and fission yeast Clp1 are well characterized, Cdc14 orthologs have not been functionally or biochemically characterized in plant pathogenic fungi. In F. graminearum, the Fgcdc14 mutant had pleiotropic defects in hyphal growth, conidiation, ascospore formation, septation and plant infection. Given that proper regulation of cell cycle progression is important for fungal development and pathogenesis in fungal pathogens (Pérez-Martín et al., 2006) , the observed phenotypes are consistent with known cell cycle regulatory functions for Cdc14 in budding and fission yeasts. In B. bassiana, BbCdc14 is also important for asexual reproduction and insect infection . In C. albicans, CaCdc14p activity is required for true hyphal growth and invasion (Clemente-Blanco et al., 2006) . Interestingly, the tip compartment of Fgcdc14 conidia were uni-nucleate and sometimes continued to grow and develop new conidia, suggesting defects in mitotic exit and restraining cell division. Earlier publication has shown that fresh conidia often germinate from the end compartments in F. graminearum (Harris, 2005) . In C. albicans, deletion of CaCDC14 results in a significant delay in the degradation of Clb2p during mitotic exit and CaCdc14p also plays an essential function in the activation of the Ace2p transcriptional program required for cell separation (Clemente-Blanco et al., 2006) . In fission yeast, Clp1 regulates the G2/M transition and mitotic exit by dephosphorylating and suppressing activity of the Cdc25 phosphatase that is involved in the activation of Cdk1 (Wolfe and Gould, 2004; De Wulf et al., 2009) . Cells lacking Clp1 enter mitosis precociously, whereas cells overexpressing Clp1 delay mitotic entry (Trautmann et al., 2001; . It is possible that further growth from the tip compartments of conidia is related to the direct or indirect roles of FgCdc14 in the de-phosphorylation of FgCdc25 and kinase activities of the Cdc2 orthologs (Liu et al., 2015) in F. graminearum.
The enzymatic specificity of Cdc14 enzymes is remarkably well conserved during evolution. It has been reported that ScCdc14 and human Cdc14A and B possess the unusual ability to strictly distinguish between serine and threonine as the phoshoamino acid within Cdk-type phosphorylation sites (Bremmer et al., 2012) . FgCdc14 clearly has this same phosphoserine specificity. Thus, although structurally and mechanistically related to protein tyrosine phosphatases, Cdc14 evolved into a serine-selective phosphatase in the very distant past of eukaryotic evolution. Additional strong specificity determinants in ScCdc14 include +1 Pro, +3 Lys/Arg (preferentially Lys), and additional Lys/Arg residues in the vicinity of +3 (Eissler et al., 2014) . FgCdc14 also required these same specificity determinants for high activity, and was even more selective for Lys over Arg at the +3 position.
Because of the conserved enzymatic properties of FgCdc14 and ScCdc14, it is likely that FgCdc14 also functions by selectively dephosphorylating specific Cdk phosphorylation sites in F. graminearum. Using an approach similar to that used previously to predict ScCdc14 substrates (Eissler et al., 2014) , we identified 56 putative targets of FgCdc14 (Table S1 ). Two predicted targets of FgCdc14 are the protein kinases FGSG_10228 (FgWee1) and FGSG_08635 (FgDbf2). FgCdc14 interacted with both FgWee1 and FgDbf2 in a yeast two-hybrid assay, providing support that they could be direct substrates. Orthologs of FgWEE1 and FgDBF2 in S. cerevisiae are functionally related to mitosis and cytokinesis, respectively (Harvey and Kellogg, 2003; Mohl et al., 2009; Lianga et al., 2013) . Cdc14 has been linked to the regulation of Wee1 orthologs in budding yeast and humans (Ovejero et al., 2012; Raspelli et al., 2015) . In F. graminearum, the Fgdbf2 and Fgwee1 deletion mutants had reduced growth rate, conidiation and virulence. Both mutants produced morphologically normal perithecia that contained aborted ascogenous tissues and defective ascospores. In addition, the Fgwee1 mutant was reduced in septation and rarely produced septa in hyphae (Wang et al., 2011) . The similarity of their phenotypes to that of the Fgcdc14 mutant suggests that FgWee1 and FgDbf2 kinases may be also functionally related to FgCdc14 in this important plant pathogenic fungus.
One of the most striking cellular defects in the Fgcdc14 mutant was the absence of regular septation and normal distribution of nuclei. Multinucleate compart-ments in ascospores and asexual spores, and vegetative hyphae were observed in F. graminearum. This suggests that FgCdc14 plays important roles in regulating septation and the coordination of cytokinesis with nuclear division. Actin plays a crucial role in cytokinesis in fungi (Berepiki et al., 2011) and the Fgcdc14 mutant was defective in the formation of an actin ring during septation, which may be directly related to its defects in septation. Interestingly, the Fgcdc14 mutant phenotypes are similar to those of associated with loss of type II myosin Myo2 (Song et al., 2013) , a molecular motor that generates force for cytokinesis by interacting with actin filaments in the contractile ring (CR). In S. cerevisiae, some myo1 mutant cells appeared to form chains or were aberrantly large and/or multinucleate (Bi et al., 1998) . In S. pombe, the myo2 mutant is also defective in cell separation, resulting in the formation of septated, elongated cells with multiple nuclei (Kitayama et al., 1997) . The recruitment of Myo2 to the CR is partially dependent on anillin-related Mid1, and dephosphorylation of Myo2, possibly by Clp1, has been implicated in mediating a Mid1-Myo2 interaction (Motegi et al., 2004; Clifford et al., 2008) . Our results showed that function of the CR is abnormal in the Fgcdc14 mutant, likely resulting in the septation defects and possibly the production of inter-connected conidia and irregular nuclear distribution in vegetative hyphae. Aberrant interconnected macro-conidia produced by the myo2 mutant and Fgcdc14 mutants are reminiscent of the chains of cells produced by S. cerevisiae and S. pombe mutants lacking the type II myosin (Kitayama et al., 1997; Bi et al., 1998; Song et al., 2013) .
In S. pombe, the SIN plays a role in a cytokinesis checkpoint that inhibits further cell cycle progression until cytokinesis is complete. Clp1 may function together with the SIN in coordinating cytokinesis with the nucleardivision cycle (Trautmann et al., 2001) . The F. graminearum genome has orthologs of all the SIN components. Therefore, like Clp1, FgCdc14 is likely required for the initiation of cytokinesis and cytokinesis checkpoint for completion of cytokinesis. Although the direct FgCdc14 targets responsible for the CR and septation defects remain unknown, several proteins with functions related to septation, cytokinesis and actin/CR function are enriched in optimal Cdc14 substrate sites (Table S1 ). These include orthologs of budding/fission yeast IQGAP protein Iqg1/Rng2, the annilin-related Bud4/Mid2, the formin Bni1/Rid1, the MEN/SIN scaffold Nud1/Cdc11, and the septation factor and CR component Hof1/Imp2 (Table S1 ). Cdc11 and Bni1 are known Cdc14 substrates in S. pombe and S. cerevisiae, respectively (Bloom et al., 2011; Chen et al., 2013) . It will be important to determine the functions of these genes and their relationship with FgCdc14 in F. graminearum.
Experimental procedures
Strains of F. graminearum and culture conditions
The wild-type strain PH-1 (Cuomo et al., 2007) and mutants of F. graminearum generated in this study (Table 1) were routinely cultured at 25°C on PDA plates. Growth rate on 5 × YEG (0.5% yeast extract, 1% glucose) plates, conidiation in carboxymethylcellulose (CMC) medium (Cappellini and Peterson, 1965) , and sexual reproduction on carrot agar plates were assayed as previously described (Wang et al., 2011; Zheng et al., 2012) . For DNA and protein extraction, vegetative hyphae were harvested from liquid YEPD (1% yeast extract, 2% peptone and 2% glucose). Protoplast preparation and fungal transformation were performed as described (Proctor et al., 1995; Hou et al., 2002) . For transformation, hygromycin B (CalBiochem, La Jolla, CA, USA) and geneticin (Sigma-Aldrich, St. Louis, MO, USA) were added to the final concentration at 300 and 350 μg/ml, respectively.
Generation of the Fgcdc14 deletion mutants
The FgCDC14 gene replacement construct was generated with the split-marker approach (Catlett et al., 2003) . The 847-bp upstream and 703-bp downstream fragments of FgCDC14 were amplified with primer pairs CDC14/1F-CDC14/2R and CDC14/3F-CDC14/4R (Table S3) , respectively. The resulting PCR products were connected to the hygromycin phosphotransferase (hph) fragments amplified with primers HY/R-YG/F or HYG/F-HYG/R by overlapping PCR and transformed into protoplasts of PH-1 as described (Zhou et al., 2010) . After transformation of PH-1 protoplasts, hygromycin-resistant transformants were identified by PCR with primers CDC14/5F and CDC14/6R (Table S3) and further characterized by Southern blot analysis (Fig. S1) .
Generation of the FgCDC14-GFP and FgCDC14
C342S -GFP transformants
To generate the FgCDC14-GFP construct by gap repair (Zhou et al., 2011) , the entire FgCDC14 gene, including its promoter region, was amplified with primer CDC14-CM/F and CDC14-CM/R (Table S3 ) and transformed with XhoI-digested pFL2 (Zhou et al., 2011) into yeast strain XK1-25 as described (Bruno et al., 2004) . The resulting fusion construct rescued from Trp + yeast transformants was confirmed by sequencing analysis and transformed into the Fgcdc14 deletion mutant M1 (Table 1) . Geneticin-resistant transformants expressing the FgCDC14-GFP construct were identified by PCR and examined for GFP signals. The same gap repair approach was used to generate the FgCDC14 C342S -GFP construct by amplifying FgCDC14 with primers PD/F and PD/R (Table S3 ) to introduce the C342S mutation. Transformants of mutant M1 expressing the FgCDC14 C342S -GFP construct were identified by PCR and examined for GFP signals by epifluorescence microscopy.
Generation of the LifeAct-GFP transformants
The first 17 amino acid residues (MGVADLIKKFESISKEE) of yeast Abp140 named LifeAct is an F-actin marker for higher Functions of Cdc14 in Fusarium graminearum 781 eukaryotes (Riedl et al., 2008) . The LifeAct-Gly (10)-GFP construct used in M. oryzae was transformed into protoplasts of PH-1 and the Fgcdc14 mutant M1. Transformants expressing the LifeAct-GFP construct were identified by PCR and confirmed by examination by for GFP signals.
4, 6-Diamidino-2-phenylindole (DAPI) and calcofluor staining
Freshly harvested conidia and hyphae of F. graminearum were first fixed for 30 min in 3.7% formaldehyde and 0.2% Triton X-100 in 50 mM PBS buffer (pH 7.0). After staining with 20 μg/ml Calcofluor White (CFW) and 20 μg/ml DAPI, samples of conidia or germlings were examined with an Olympus BX53 fluorescence microscope (Olympus, Tokyo, Japan). To assay for defects in sexual reproduction, perithecia harvested from 10-day-old mating plates were examined for the production of asci and ascospores after DAPI and CFW staining.
Plant infection and DON assays
Conidia harvested from 5-day-old CMC cultures were re-suspended to 2.0 × 10 5 conidia ml −1 in sterile distilled water. Flowering wheat heads of cultivar Xiaoyan 22 were inoculated with 10 μl of conidium suspensions at the fifth spikelet from the base of the inflorescence as described (Gale et al., 2007; Ding et al., 2009) . Spikelets with typical head blight symptoms in each head were examined 14 dpi to estimate the disease index as described (Gale et al., 2007; Ding et al., 2009 ) and infected wheat kernels were harvested for DON assays (Bluhm et al., 2007) . Infection assays with corn silks were conducted as described (Seong et al., 2005) . DON production in rice grain cultures was assayed as described (Seo et al., 1996; Bluhm et al., 2007) . All the infection and DON production assays were repeated at least three times.
Microscopic observations
Glumes and lemmas were collected from inoculated spikelets and fixed with 4% (vol/vol) glutaraldehyde in 0.1 M phosphate buffer (pH 6.8) overnight at 4°C. For light microscope examination, infected wheat lemma and rachis tissues were fixed, dehydrated, and embedded in Spurr resin as described (Kang et al., 2008; Zheng et al., 2012) . Thick sections (1 μm) were stained with 0.5% (wt/vol) toluidine blue and examined with an Olympus BX-53 microscope. At least three independent biologic replicates were examined for the wild-type and mutant strains.
Purification of FgCdc14
The FgCDC14 ORF and its catalytic domain (codons 1-433, For GST-FgCdc14 purification, bacteria were lysed in 5 cell pellet volumes of buffer A (25 mM Tris-HCl pH 7.5, 500 mM NaCl, 2 mM ethylenediaminetetraacetic acid (EDTA), 0.1% Triton X-100, and 0.1% 2-mercaptoethanol) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 μM pepstatin, and 10 μM leupeptin. Cells were lysed for 30 min on ice with 1 mg ml −1 lysozyme and then sonicated to reduce viscosity. After centrifugation at 35,000 g for 30 min at 4°C, the resulting soluble extract was incubated with 1 ml glutathione agarose resin [EMD Biosciences (San Diego, CA, USA)] pre-equilibrated with buffer A for 1 h at 4 o C on a rocking platform. Agarose resin was collected by centrifugation (700 g, 2 min, 4°C) and then washed three times with 10 ml buffer A with rocking for 5 min at 4°C. GST-FgCdc14 was eluted by incubating the resin several times with 1 ml buffer A supplemented with 10 mM reduced glutathione at 4°C for 5 min followed by centrifugation.
For 6His-FgCdc14 cat purification, bacteria were lysed on ice for 30 min in 10 cell pellet volumes of buffer B (25 mM Tris-HCl pH 7.5, 500 mM NaCl) supplemented with 0.1% Triton X-100, 10 mM imidazole, 1 mM PMSF, 1 μM pepstatin, 10 μM leupeptin, 1 mg/ml lysozyme, and 25 units/ml Universal Nuclease [Thermo Fisher (Grand Island, NY, USA)]. Lysate was clarified as described earlier, and the soluble extract was incubated with 1 ml HisPur nickel-NTA resin (Life Technologies) for 10 min at 4°C with gentle agitation. After washing sequentially with 15 ml buffer B containing 10 mM, 25 mM, and finally 40 mM imidazole, 6His-FgCdc14 cat protein was eluted with five 1 ml aliquots of buffer B containing 200 mM imidazole, collecting 0.5 ml fractions. For both proteins, elution fractions containing high protein concentration were pooled and dialyzed in 1L of storage buffer (25 mM Tris-HCl pH 7.5, 300 mM NaCl, 2 mM EDTA, 0.1% 2-mercaptoethanol, 40% glycerol) overnight at 4°C. The resulting recombinant proteins were analyzed by SDS-PAGE and stored in small aliquots at −80 o C. ScCdc14 was purified as described (Bremmer et al., 2012) .
Phosphopeptide preparation and enzyme activity assay
Phosphopeptide substrates (Table 3) were synthesized by Genscript Inc. (Piscataway, NJ, USA) in crude form and then desalted with Sep-Pak C18 cartridges [Waters Corporation (Milford, MA, USA)], dried by lyophilization, and reconstituted in water. The concentrations of phosphopeptide stocks were measured with an ashing procedure and malachite greenammonium molybdate dye as described previously (Buss and Stull, 1983) . Phosphatase reactions (50 μl) containing recombinant FgCdc14 (75 nM, or more for poor substrates) or FgCdc14 cat (600 nM, or more for poor substrates), 25 mM HEPES pH7.5, 0.1% 2-mercaptoethanol, 1 mM EDTA, 150 mM NaCl, and varying concentrations of phosphopeptide substrates were incubated for 30 min at 24 o C and then stopped by addition of 100 μl BIOMOL Green TM reagent (ENZO Life Sciences) and transferred to a microplate. Absorbance at 620 nm was measured on a microplate reader and the amount of phosphate released was calculated from a standard curve generated with sodium phosphate under identical solution conditions.
Prediction of FgCdc14 substrates
The PatMatch algorithm (Yan et al., 2005) was used to search the predicted proteins of F. graminearum PH-1 (Cuomo et al., 2007) for consensus recognition sites of Cdc14 (minimal Ser-Pro-X-Lys or Ser-Pro-X-Arg with at least one additional basic amino acid at the +2, +4, or +5 positions). For each candidate, multiple sequence alignments were generated with orthologs from two additional Fusarium species and three additional species of Sordariomycetes from the genera Magnaporthe, Colletotrichum and Neurospora (and occasionally Blumeria if an ortholog was not identified from one of the other genera in BLAST searches). Entries were removed from the list of putative FgCdc14 substrates if orthologous proteins were not identified outside the genus Fusarium or if the entry did not have at least two sites conserved in at least one of the species outsider the genus Fusarium. Enrichment of functional annotations among candidate substrates was determined using DAVID Bioinformatics Resources 6.7 (Huang et al., 2009) .
Yeast two-hybrid assays
Protein-protein interactions were assayed with the Matchmaker yeast two-hybrid system (Clontech, Mountain View, CA, USA). The FgCDC14 ORF was amplified from firststrand cDNA of PH-1 and cloned into pGBK7 as the bait construct. For the FgDBF2, FgWEE1 and FgCDC25 genes, their ORFs were amplified and cloned into pGADT7 as the prey constructs. The resulting bait and prey vectors were co-transformed into the yeast strain AH109 as described (Zhao et al., 2005) . The Leu + and Trp + transformants were isolated and assayed for growth on SD-Trp-Leu-His medium and galactosidase activities with filter lift assays as described (Park et al., 2006) . The positive and negative controls were provided in the Matchmaker Library Construction & Screening Kit (Clontech).
Phosphorylation assays with Cdc2A and Cdc2B
Total proteins were isolated from 12 h germlings grown in liquid YEPD, separated on a 10% SDS-PAGE gel, and transferred to nitrocellulose membranes as described (Bruno et al., 2004) . For Western blot analysis, the expression of Cdc2A and Cdc2B was detected with the Cdc2 p34 (PSTAIRE) antibody [Santa Cruz Biotechnology, Inc. (Dallas, TX, USA)]. The inhibitory phosphorylation level of Cdc2 proteins was detected with the Phospho-Cdc2 (Tyr15) antibody (Cell Signaling Technology, Danvers, MA, USA). The protein samples were also detected with anti-histone H3 antibody (Abcam, Cambridge, MA, USA) as a loading reference. The intensities of western blot bands were quantified with program ImageJ (Schindelin et al., 2015) . The relative intensity of Tyr15 phosphorylation of Cdc2A/2B in different mutants was estimated in comparison with that of the wild type (arbitrarily set to 1) after normalization with the Cdc2A/2B bands detected with the anti-PSTEIRE antibody.
